Knowledge of boron and its isotope in plants is useful to better understand the transposition and translocation of boron within plant, the geochemical behavior in the interface between soil and plant, and the biogeochemical cycle of boron. It is critical to develop a useful method to separate boron from the plant for the geochemical application of boron and its isotope. A method was developed for the extraction of boron in plant sample, whose isotope was determined by thermal ionization mass spectrometry. The results indicated that this method of dry ashing coupled with two-step ion-exchange chromatography is powerful for the separation of boron in plant sample with large amounts of organic matters completely. The ratios of boron isotope composition in those plant tissue samples ranged from −19.45‰ to +28.13‰ (total range: 47.58‰) with a mean value of 2.61 ± 11.76‰ SD. The stem and root isotopic compositions were lower than those in flower and leaf. The molecular mechanism of boron isotope may be responsible for the observed variation of boron isotopic composition and are considered as a useful tool for the better understanding of boron cycling process in the environment and for the signature of living systems.
Introduction
Boron (B) is a critical micronutrient in the growth of plant, which was undoubtedly considered as a part of the structure in the cell wall [1] [2] [3] . More increasing evidence was present for a possible role of B in metabolism processes, such as the maintenance of plasma membrane function and several metabolic pathways. Park and Schlesinger [4] reported that most B is fixed into cell wall and is not recycled internally once used by plant, but some B would be emitted to atmosphere in plant aerosol or during the biomass burning. When plant died, the majority is returned to soil. The global uptake of B by plant from soils can be calculated as 4.5 Tg B/yr [4] . All of these indicated that the cycling of B and the equilibrium of B isotope in the process between plant and soil would be changed.
In nature, B has two stable isotopes: 10 B and 11 B. Because B shows a large variation in the stable isotopic composition (∼ 90‰) [5] [6] [7] [8] , B and its isotope have been used to investigate a wide range of geochemical, cosmochemical, and geophysical problems. Recent concerns about the use of B isotope in biological systems have been taken into consideration for its important role in embryonic development and organogenesis in plant growth [1, 3] and its isotopic fractionation in the cycling of B in the uptake by plant from soil and processing within plant by a series of chemical or biochemical reactions.
The presence of lots of organic matters in plant can influence the emission of Cs 2 BO 2 + ion current in the chamber of TIMS [9, 10] . In plant, the appropriate pretreatment of sample should effectively remove organic contaminants and meanwhile keep B isotopic composition stable. The method using Amberliter IRA 743 resin coupled with cation and anion ion-exchange mixing resin developed by Xiao et al. [11] and Wang et al. [12] was applied as a proxy for the separation of B, especially in the water samples. The techniques of microsublimation [13] [14] [15] and digestion with H 2 O 2 were fit for the samples with few organic matters. The wet chemical digestion with HNO 3 /H 2 O 2 in common was used to digest plant 2 International Journal of Analytical Chemistry [19] .
In this study, a series of dry ashing experiments coupled with ion-exchange resin chromatography were performed to separate B in plant tissue sample. The B isotopic composition in plant tissue was determined by positive TIMS based on Cs 2 BO 2 + ion. The recoveries of B separation in dry ashing, ion-exchange chromatography, and the whole procedure were examined. And the characteristics and fractionation in the B isotope composition of plant tissue samples were investigated and discussed. Table 1 .
Material and Methods

Instruments and Reagents.
Hydrochloric acid (Guaranteed Reagent) was redistilled in a sealed vessel to remove the exogenous B. The cesium carbonate (spectroscopic pure) was of 99.994% purity. High-purity graphite was added to a mixture of ethanol solution (80%) to obtain the final solution corresponding to 13 mg/g graphite. The isotopic reference standard used in this study was NIST SRM 951 boric acid (Gaithersburg, MD, USA). A solution of mannitol of 1.82% (w/v) and Cs 2 CO 3 solution containing 12.3 mg/mL of Cs + was also prepared. Sodium carbonate, ammonia hydroxide, and sodium chloride were of the analytical grade reagent. Borax and boric acid were of Guaranteed grade Reagent.
The resins, B specific resin Amberlite IRA 743, strong cation exchange resin Dowex 50W X8, and weakly anion exchange resin Amberlite IRA 67, were purchased from Sigma-Aldrich Co. LLC, China.
High purity water with a B blank less than 0.008 g was redistilled by subboiling distillation and passed through a resin column filled with B specific resin (Amberlite IRA 743), which was used to prepare the standard solution and working solution.
An inductively coupled plasma optical emission spectrometer (ICP-OES, Vista MPX, Varian, USA) with a 40 MHz radio frequency generator and a charge coupled device detector (Vista Chip) was used to detect B.
Separation of B.
Dry ashing was also used to decompose plant sample to eliminate the organic impurities [19] . Traditionally, plant sample was decomposed using wet chemical digestion method of HNO 3 /H 2 O 2 , which can lead to the formation of the isobaric interference Cs 2 CNO + ions of 308 ( 133 Cs 2 10 BO 2 + ) and 309 ( 133 Cs 2 11 BO 2 + ) in the ionization chamber in TIMS. About 0.3-0.5 g of dried plant sample was weighted and placed into a quartz crucible. The crucible together with plant sample was placed in a closed microwaveassist Muffle burner. To avoid the bubbling in sample from rapid heating, at first the temperature was raised to 200 ∘ C for 1 h for the carbonization of organic matter. Then, the temperature was raised to 550 ∘ C for 4 h until the ash was whitish to black. After cooling down, 1 mL of 0.5 mol/L HCl solution was used to dissolve the ash and the solution was transferred to a polypropylene tube.
The B specific resin was used to selectively extract B and to remove the remaining impurities meanwhile. The pH in the sample solution was adjusted to 8-9 using 0.1 mol/L NH 3 ⋅H 2 O solution and then transferred to the conditioned B specific resin at a flow rate of 2.5 mL/min. After rinsing with ultrapure water, 10 mL of 0.1 mol/L HCl at 75 ∘ C was used to elute B in the resin; then, the collected eluates were evaporated under a clear air flow at 60 ∘ C until 0.5 mL solution was left.
International Journal of Analytical Chemistry 3 Finally, the 0.5 mL concentrated solution was transferred to a mixing ion exchange resin column, which consists of a strong cation exchange resin (200-400 mesh) and a weak anion exchange resin (100-120 mesh). Fifteen mL of ultrapure water was used to rinse the mixing resin. All collected eluates were transferred to a 15 mL Teflon beaker. Following the addition of Cs 2 CO 3 solution and mannitol solution, evaporation of the solution continued until about 0.2 mL solution was left. The solution was transferred to a 0.5 mL centrifuge tube and continued evaporating to the approximate concentration of 1 mg B/mL. The solution was stored at 4 ∘ C for mass spectrometric analysis.
An outline of the general workflow of B separation in plant sample mentioned above is expressed in Table 2 .
Isotopic Measurement of B.
The measurement of the B isotopic ratio was performed using a triton TIMS (Thermo Fisher Scientific Inc., USA), which was equipped with a special double cup system allowing static multicollection of Cs 2 11 BO 2 + /Cs 2 10 BO 2 + (309/308) ions [21, 22] . Tantalum filament was degassed at a current of 3 A for 1 h and then coated with a 2.5 L of graphite slurry solution. When the slurry solution was almost dried, 1 L sample solution was loaded on top of the graphite and evaporated to dryness. The determination of B isotope followed the method reported by Xiao et al. [22] . The 11 B/ 10 B ratio was calculated as 309/308 − 0.00078 [23, 24] .
The B isotopic composition of the sample is expressed as 11 B (‰) relative to that of the NIST SRM 951 standard: 
Results and Discussion
Recovery of B in the Dry Ashing. Most attention has been
given to the B loss and subsequent isotope fractionation in dry ashing and two-step ion-exchange chromatography in biological samples [19] . The B concentration in plant sample was determined using ICP-OES. Wang et al. [12] and Xiao et al. [11] have reported the effects of pH, acidity and salinity, and temperature of HCl solution on the recoveries of B using Amberlite IRA 743 resin combine with mixing ion-exchange resin. The results indicated that the recovery of B in the twostep ion-exchange chromatography reached to 100%, which means there is no B loss in the process. So, in the following experiments, the recoveries of B in dry ashing and in whole procedure were investigated. To examine the B recovery in dry ashing, borax was used as the reference standard to evaluate the loss of B and the isotopic fractionation in the process. In the five replicates, the mean recovery of 100.2% was obtained, which means that there was no loss of B except the crystal water lost. However, when H 3 BO 3 was used for the recovery test in dry ashing, there was no B remaining in the tube, which indicated that all B in the format of H 3 BO 3 would evaporate to air. This suggests that when drying ash at temperatures less than 550 ∘ C, B in the form of borate will not lose in the sample, which indicated the conservative behavior of B. Concurrently, low oxygen supply appears to inhibit the variation of B formation in dry ashing.
Recovery of B in Whole
Procedure. The two-step ion exchange chromatography method used for B extraction from environmental sample is based on the modification reported by Wang et al. [12] and Xiao et al. [11] . The introduction of the B blank in dry ashing and the chromatography may change the recovery and isotopic composition of B. Reference standard borax was used to pass through the procedure to quantify B recovery and to explore the fractionation of B isotope. The total B blank demonstrated here was 0.008 g B, which indicates that the variation of B isotopic composition in the procedure should be within the external precision of the isotopic measurement and therefore ignored. The results showed that the recovery of B in the whole procedure ranged from 95.6 to 110.2%, suggesting B was not lost in the process. The comparison of the B isotopic composition in borax before ( 11 B = 5.08‰, = 5) and after the procedure ( 11 B = 5.10‰, = 5) with an error deviation of 0.35‰ suggests B isotopic composition was not fractionated in the procedure. The recovery yields of B in the complete procedure as well as for two-step ion-exchange resin chromatographic separation of born in the matrix are shown in Figure 1 (26.85 g/g) were larger than those in root (15.71 g/g) and stem (12.89 g/g). In calculating the average of B in stem and flower, the results of C. songaricum were not taken into consideration for the different behavior of B in dried amounts of stem and flower. The dried amounts of B in these plant tissue samples were similar to those in other plants (10-100 g/g) based on the dry weight reported by Power and Woods [25] . In vascular plants, B moves from the roots with transpiration, accumulating in the growing points of leaves and stems [1, 26] . In most plant species, the B requirement for reproductive growth is higher than that for vegetative growth [27] . Huang et al. [28] demonstrated that B was transported from leaves into actively growing reproductive organs in white lupin (Lupinus albus). These findings suggest that, during plant growth, especially in the flowering stage and fruiting period, a large amount of B is needed to promote growth and development of plant reproductive tissues, which leads to the accumulation of B in leaves and flowers. 2.61 ± 11.76‰ SD. When C. songaricum was taken into consideration for calculation, the 11 B values range from −19.45‰ to 12.09‰ (range scope: 31.54‰), with a mean of 0.4 ± 10.10‰ SD. These results were similar to those reported by Serra et al. [18] with the 11 B values from −11.60‰ to 17.20‰ (mean value: 4.23 ± 7.57‰ SD). Except for the stem and flower tissue of C. songaricum (Figure 3 ), the maximum mean 11 B values occurred in the leaf (+7.58‰) and flower tissue (+7.90‰), with the minimum 11 B occurring in stem (−12.11‰) and then in root (−2.74‰).
Fractionation Variation of B Isotopic
In Figures 2 and 3 , the variation of 11 B is similar to that of dried amount of B, which may be relative to the uptake and transportation of B within plant. In plant growth, the uptake of B by root is in the form of B(OH) 3 or B(OH) 4 − [29] . B(OH) 3 can be taken up by plants through passive diffusion or an energy dependent high-affinity transport system [30] . Borate can form the most stable diesters with cis-diols on a furanoid ring [1, 27] . The movement of B depends on the sugar or polyol transport molecules [1] .
The heavier isotope of B is favored in B(OH) 3 and B(OH) 4 − is depleted in 11 B; thus, the variation of 11 B in root is lower and closely associated with that in the soil [31] . B can be also transported to reproductive and vegetative tissues [30, 32] , although this capacity varies among species [33, 34] . After B is transported from the root to the stem, the 11 B value in the root is greater than that in stem as different velocities influence B mobility by transportation or ion exchange. During plant growth, a large number of sugar alcohols such as sorbitol, mannitol, and fructose, which are utilized by the combination of hydroxyls of B(OH) 3 , are required in the leaves and flowers [35, 36] . Thus, much 11 B will preferentially go into the leaves and flowers along with B(OH) 3 , resulting in higher 11 B values in the leaf and in flower.
Δ 11 B Values in Higher
Plants. The fractionation between two components and was determined as follows [37] :
International Journal of Analytical Chemistry The variations of Δ 11 B in the plant tissue samples W. florida, S. mussotii, and H. elliptica are illuminated in Figure 4 . B isotopic composition is significantly fractionated in the plant species and in different tissues of the same plant. Δ 11 B root-stem , Δ 11 B root-leaf , and Δ 11 B root-flower in H. elliptica were of 3.46‰, 2.19‰, and 2.05‰, in W. florida were of 2.87‰, −0.83‰, and 1.09‰, and in S. mussotii were of −1.46‰, −2.25‰, and 0.1‰.
The maximum of Δ 11 B (>+0‰) was found in the rootstem, root-leaf, and root-flower of H. elliptica, which means that relative to that in W. florida and S. mussotii, more 11 B was used by H. elliptica from the region where it grows. The minimum of those values (< −0‰) observed in S. mussotii, which indicates that more 10 B was accumulated in the tissues of S. mussotii, may be caused by the different manner of uptake and transference or by the biophysiological effect of B on plants. This presence would be another important channel for the variation of B isotope composition in the global cycle of B by further uptake and translocation of B in the tissues of plants.
Conclusions
A proposed method using dry ashing combined with twostep chromatography was developed for the separation of B in plant sample, which enables applications of B isotopes in biogeochemistry, behavior of plant and soil, and plant metabolism. Within the plant, the heavier isotope is enriched in leaf and flower. B isotope is fractionated by the mechanism of diffusion, transportation, or a biological effect between tissues. Moreover, knowledge of cycling and fractionation mechanism of B isotope in the uptake of plants will contribute to better understanding of the global biogeochemical cycle of B.
